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ABSTRACT 

A resurgence of Interest In placing large solar concentrator/solar 
dynamic systems In space for power generation has brought up again a concern 
for maintaining the Integrity of the optical properties of highly specular 
reflecting surfaces In the near-earth space environment. One of the 
environmental hazards of concern and needing evaluation Is the micrometeoroid 
environment. It has been shown that highly reflective polished metals and 
thin film coatings degrade when exposed to simulated micrometeoroids In the 
laboratory. At NASA Lewis Research Center, a shock tube was used to simulate 
the phenomenon of micrometeoroid Impact by accelerating micron size particles 
to hypervelocltles. Any changes In the optical properties of surfaces exposed 
to this Impact were then evaluated. The degradation of optical properties of 
polished metals and thin metallic films after exposure to simulated 
micrometeoroids was determined as a function of Impacting kinetic energy/area 
of the particles. A calibrated sensor, 2000 A Al/stalnless steel, was 
developed to not only detect the micrometeoroid environment, but also to 
evaluate the degradation of the optical properties of thin aluminum films in 
space. This sensor was flown on 0S0 III and SERT II, satellites that were 
launched in 1967 and 1970 respectively. No changes In the optical properties 
of the highly reflective surface were measured during 11 years In space. These 
results are In agreement with the 1987 micrometeoroid flux model presented In 


this paper. The results, as determined by the accuracy of the sensor. Indicate 
that a highly reflective surface should lose less than 1 percent of Its 
specular reflectance In near-earth orbit during 11 years. 

NOMENCLATURE 

E cr cratering energy density, ergs/cc 

total hemispheric emlttance 

e exposure,^- j m pi v p 3° u1es 

Ihr Intensity from blackbody cavity 

I bb spectral energy distribution of 420 K <756 R) blackbody 

K defined In Eq. (2) 

Mp mass of Impacting particle 

T body temperature 
T] 2 disk temperature 

Vp particle velocity 

a sn normal solar absorptance 

X wavelength of radiation, microns 

p average reflectance 

P h _ a hemispheric angular reflectance 

P h _h hemispheric-hemispheric reflectance 

0 Stefan-Boltzmann constant, 1.713xlO“ 9 Btu/(hr)(ft 2 )(R 4 > 

<j> Intensity of Incident radiation 

8 S sun angle 

Subscripts : 

a after exposure to e 

1 Initial value 

L laboratory conditions 

SP] space conditions 1 (see Appendix A) 

® Infinite exposure to particle Impaction 
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INTRODUCTION 


A resurgence of Interest In placing large solar concentrator solar dynamic 
systems In space for power generation has renewed Interest in maintaining the 
Integrity of the optical properties of highly specular reflecting surfaces In 
the near-earth space environment. One of the environmental hazards of concern 
needing evaluation Is the micrometeoroid environment. It has been shown that 
highly reflective polished metals and thin film coatings degrade when exposed 
to simulated micrometeoroids. 1 At NASA Lewis Research Center, a shock, tube 
was used to simulate the phenomenon of micrometeoroid Impact by accelerating 
micron size particles to hypervelocities. The optical properties of surfaces 
exposed to this Impact were then evaluated using a Hohlraum reflectometer and 
a space environment facility. Thus, the degradation of the optical properties 
of polished metals and thin metallic films after exposure to simulated 
micrometeoroids was determined as a function of Impacting kinetic energy per 
area of the particles. Next, the abscissa (kinetic energy of the impacting 
particles per area) needed to be correlated with real time in space, and the 
effect of the micrometeoroid environment on surfaces, calibrated on the ground, 
would be known. A calibrated sensor 2000 A Al/stalnless steel was developed 
at NASA Lewis not only to detect the micrometeoroid environment, but also to 
evaluate the degradation of the optical properties of a thin aluminum film in 
space. This sensor was flown on the OSO III and SERT II Satellites that were 
launched In 1967 and 1970 respectively. Data was obtained for as long as 
11 years. 

When the sensor was placed on these satellites, there was a lack of 
resolution In the measured flux of micrometeoroids near the earth (from 0.02 
to several earth radii). 2 * 3 (Note: Ref. 2 contains 48 papers on the 

micrometeoroid environment.) This Is evident In Fig. 1, where the 
micrometeoroid flux model of 1963 3 Is plotted from the direct measurements of 
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Interplanetary dust as recorded by various sensors on board a variety of 
satellites. This Is a cumulative micrometeoroid flux, (a sensor capable of 
measuring a lO -1 ^ gm particle counts all particles 10~ 10 gm or greater) which 
seems to Indicate that there are few or no micrometeoroid particles smaller 
than 10" 12 or 1(H 3 gms. For larger size meteoroid particles, either 
photographically or optically visible (10 -5 gms), efforts to measure the flux 
have succeeded In obtaining a satisfactory picture of the situation, at least 
from the engineering and even, perhaps, from the scientific point of view. 
However, for the fluxes of smaller particles that may exist In near-earth 
space, these flight experiments produced seemingly believable data which 
differed by 4 to 5 orders of magnitude. 2 * 3 This unsatisfactory situation 
existed for many reasons. Some of the most Important reasons were probably 
connected with the extremely difficult conditions under which flight 
measurements were made, coupled with the further difficulty of transmitting 
them over long distances. The proper Interpretation of results In comparison 
with ground calibrations made under conditions very different from those In 
space also contributes to the existence of great uncertainty. 

The list of transducers used for measuring the flux of particles In the 
range of Interest <10"® to lcH 4 gm) Is almost endless. 2 * 3 Microphone 
sounding boards with crystal pickups, thin opaque films painted on a 
transparent substrate, photoelectric pickups, penetrable gas pressure 
containers, and penetrable capacitors which discharge, are among many that 
were used. One difficulty with all of these detectors Is the problem of 
separation of spurious signals from those actually caused by particle Impact. 
Each of the transducers mentioned above has a number of possible sources of 
spurious signals. Consequently, measurements may Include such an abundance of 
spurious signals that the results may be meaningless. Another problem with 
some transducers Is that a hit may not give a signal. One example Is a 
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capacitor which does not discharge when penetrated by a particle. Similarly, 
particles which do not penetrate a penetration sensor cannot give a signal. 

In this case, the results are low and therefore meaningless. It Is clear that 
some experiments are not valid If the flux differs by four to five orders of 
magnitude. 3 (See Fig. 1 for a 10" 10 gm mass particle.) 

Although all the detectors mentioned Involve measurement of a physical 
phenomenon connected with an Impact, none of these were phenomena connected 
with the possible engineering problem arising from Impact at meteoric speeds 
with particles In this size range. However, the problem here Is not one of 
penetration but rather one of erosion of surface optical properties. 

Reference 1 describes ground studies of micrometeoroid Impact and Its effect 
on the optical properties of polished metal surfaces. 

The thermal behavior of polished metal surfaces exposed to a simulated 
micrometeoroid flux and then exposed to a simulated space environment Is 
presented In Ref. 4. These two studies show that relatively large changes In 
surface optical properties (emlttance and solar absorptance) can be affected 
by erosion caused by simulated micrometeoroid exposure. It follows, therefore, 
that measurements of erosion of suface optical properties In a flight 
experiment might be an excellent way not only of determining the rate of 
meteoroid flux In the 10 -8 to 10 -12 gm size range but also of determining the 
erosive effects of this flux on surface optical properties, which Is the 
engineering problem In question. 

Surfaces In space and their optical properties can also be degraded by 
other features of the environment as well as by micrometeoroid erosion. Atomic 
oxygen, ultraviolet radiation, and proton and electron bombardment also rapidly 
degrade many surfaces. 5 * 6 * 7 Thus a transducer surface had to be chosen whose 
optical properties would be affected only by micrometeoroid erosion and by 
nothing else In the environment. 4 * 6 Polished metal surfaces seemed a perfect 
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choice. Not only are they relatively impervious to radiation damage but their 
surface properties are rapidly degraded by erosive micrometeoroid bombardment. 
However problems that can arise from their use as transducers are of a 
different nature. Due to their extremely low absorptance and emittance, 
polished metal surfaces are ideally suited for the detection of small amounts 
of surface damage, but, these very low valued optical properties, can cause 
difficulties in properly isolating samples of these materials from the effects 
of energy exchange with the orbiting vehicle. 

This problem was resolved in ground studies simulating exposure to 
micrometeoroid erosion and the effect of such erosion on orbital temperature 
histories. 1 > 7 >® It was now possible to run a ground-flight experiment 
involving methods of measurements based on the 1963 micrometeoroid flux model 
which could determine the erosive micrometeoroid flux in orbit as well as its 
effect on critical surfaces. Results of these space experiments (ground 
micrometeoroid simulation and sensor calibration using a large solar-space- 
environment-simulation chamber) and conclusions regarding the (1987) 
micrometeoroid and debris flux models are presented in this paper. 

Ground Cal ibration 

As a result of a program at NASA Lewis in the 1960's in which polished 
metal surfaces were exposed to impaction by high-speed, micron-size particles 
in the laboratory, a quantitative relation between exposure energy in joules 
and the degradation of the surface optical properties was found. 1 It became 
apparent that a flight experiment could be used to monitor surface optical 
properties, i.e., reflectance, to determine exposure to micrometeoroid flux. 

It was determined by Mark et al.4 that reflectance measurements in flight 
without a ref 1 ectometer are possible and can be made with thermal measurements 
only. In Ref. 4, a simulated micrometeoroid exposure-temperature calibration 
was made in ground studies on several polished metal and thin film metal 
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surfaces. Some background Information on micrometeoroid simulation and the 
method of micrometeoroid exposure-temperature calibration are presented In 
this section. 

Simulation of Micrometeoroid Exposure 

In spite of the fact that, the maximum attainable speed to which particles 
could be accelerated Intact In ground simulation tests were only a fraction of 
the speeds of micrometeoroid particles In earth orbit. It was believed that the 
phenomenon of hypervelocity Impaction with micrometeoroids could be simulated 
best by Impaction with particles at attainable speeds. In order to obtain a 
calibration of micrometeoroid exposure against equilibrium temperature of a 
thermally Isolated disc under space conditions, a means of characterizing 
exposure both on the ground and In space was needed. Laboratory exposure 
quantities and change In surface property (reflectance, for Instance) due to 
exposure are known for laboratory simulation of mlcrometerolds. However, In 
space a change In surface property could have been caused In a number of ways, 
and thus, not having a unique tie to the environment that caused It, falls to 
characterize this environment as well as the exposure Itself. Therefore, the 
actual physical quantity to use for measuring the exposure Is In question. 

Since a number of earlier experimental and theoretical Investigations have 
indicated that the volume of craters formed In targets as a result of Impaction 
with high-speed projectiles Is proportionate to the kinetic energy of the 
projectiles, the sum of the kinetic energies of the particles striking the 
surface up to any time was chosen as the physical quantity characterizing the 
exposure. The analysis that follows Is presented In Refs. 1 and 9 and provides 
a useful relation connecting the surface reflectance with the exposure 
characterized by the kinetic energy of the Impacting particles. From Ref. 1, 
the expression for reflectance p a of a metal surface of area A 0 exposed to 
Impaction by particles having a total kinetic energy e In joules Is 
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( 1 ) 


I 


where 




( 2 ) 


Equations (1) and (2) allow an analytical extrapolation from the measured 
total energy required for a given laboratory-caused surface optical property 
change, to the total energy required In space for the same surface optical 
property change. This extrapolation requires evaluating K for space and can 
be done If the kinetic energy of the particle In space causing most of the 
surface damage can be estimated reasonably (see Appendix A). 

The experimental procedure for producing the laboratory damage to the 
surfaces Is described In detail 1 but will be discussed briefly in the following 
paragraphs. 

Polished surfaces of soft aluminum, stainless steel, and stainless steel 
coated with 1900 A of aluminum were bombarded by clouds of SIC particles 
having an average diameter of 6 pm and a speed of 2.6 km/sec <8500 fps). The 
particles were accelerated by the aerodynamic drag of the short duration flows 
In a shock tube, and the resultant kinetic energies 


e 



Vp< 


(3) 


were obtained from strip-film camera measurements for particle speed, and 
microbalance collection measurements to determine the total number of particles 
striking a given area. 1 The measurement of speed and number of particles 
striking a plate were quite accurately reproducible, and the laboratory 
exposure energies were measured and are presented In joules. In each series 
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(for each target material) the disks, 4.45 cm 2 , were exposed nominally to 0, 

1, 2, 4, and 6 J (0, 0.22, 0.44, 0.89, and 1.35 J/cm 2 ). This range of 
exposures represents changes In the reflectance of a single disc from Its 
original value near 1.0 to about 0.5. 

Thus, there Is the possibility of quantitatively exposing surfaces In the 
laboratory to Impaction by high-speed particles of known energy per unit area 
and measuring the damage by means of a change of reflectance, and then to 
predict (Eqs. 1 and 2) the equivalent space exposure In energy per unit area 
required to produce the same surface damage. Having the exposure-surface 
damage relation and the surface damage-equilibrium temperature relation 
obtained In the simulated space environment (described In a later section), 
allows the design of a space experiment In which the simple monitoring of 
temperature of a disc In space determines not only surface damage but also the 
actual micrometeoroid exposure causing the damage as a function of time. This 
follows, of course, only If It Is assumed that micrometeoroid exposure Is 
causing the surface damage. It also Is necessary to assume that normal 
Impingement Is sufficient to simulate Impingement from all directions. This 
Is shown to be so and Is discussed In Ref. 10. 

Determination of Surface Optical Properties 

The discs used In this study, chosen for their good reflective 
properties, were made of stainless steel, aluminum, and a stainless-steel 
substrate with a vapor-deposited coating of aluminum, 1900 A thick. This 
coating Is sufficiently thick for the surface to exhibit the optical properties 
of aluminum as long as the coating remains undamaged. 

The discs were chosen 2.38 cm (15/16 In.) In diameter and 0.046 m 
(1/64 In.) to 0.16 cm (1/16 In.) thick, essentially because there are 
appropriate dimensions for a sample In the heated-cavity spectrometer system 
for making reflectance measurements. In this system, a Perkln-Elmer 13U 
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spectrometer compares, in a given wavelength band, radiation from a blackbody 
cavity at about 600 °C to the total radiation reflected from a water-cooled 
sample in the same wavelength band. This technique works well in the infrared 
region, but is not satisfactory at shorter wavelengths because of insufficient 
radiation from the heated cavity below a wavelength of about 1 pm. The 
intensity ratios obtained (I ref 1 / Ihr) are plotted as a function of wavelength 
and are presented for 1900 A A1 on stainless steel in Fig. 2 both before and 
after exposure to impaction with approximately 0.22 J/cm 2 of 6 pm diameter SiC 
particles traveling at 2.6 km/sec (8500 fps). The average values of these 
spectral data are presented also. The average reflectance is defined here as 
the single value that will reflect the same amount of energy arriving from a 
420 K (756 R) blackbody source as does the sample; that is, the average 
reflectance p a is given by 


where 




PH-A (X)I BB (X) dX 


P a = 


pX^ 


J x, 


I BB (X) dX 


P H-A 


HR 


(4) 


The normal solar absorptance was determined from measurements made in the 
space environment simulator during transient heating of the exposed discs 
mounted in a simulated space vehicle. The total hemispheric emittance of the 
discs was obtained during transient cooling. Comparisons were made later 
between equilibrium temperatures calculated from the values of thermal optical 
properties obtained by these transient experiments and the actual equilibrium 
temperatures attained the discs in a solar simulator. ^ Infrared reflectances 
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are also compared with thermally obtained disc emittances. The space chamber 
thermal experiment 4 will be briefly outlined later in this paper. 

Simulated Exposure and Surface Damage 

Reflectances for all the discs were obtained both before and after 
exposure, and spectral reflectance data of the type presented in Fig. 2 were 
calculated from Eq. (4) to obtain average reflectance values weighted for the 
energy distribution corresponding to a 420 K (756 R) blackbody. In Fig. 3 all 
the average reflectance ratios for stainless steel, aluminum, and aluminum on 
stainless-steel, plotted against the total energy of the impacting particles. 
For an equuivalent reduction in reflectance in space, we also have presented 
the required space exposure on two additional abscissas. (See Appendix A.) 

The first is for a space particle of 3xl0 -11 gm (a mass of one-tenth of the 
laboratory particle) and a speed of 10.3 km/sec (34 000 ft/sec) (compared with 
2.6 km/sec (8500 ft/sec) for the laboratory speed). The second extra abscissa 
is also for a 3xl0 - ^ gm particle but at 26 km/sec (85 000 ft/sec). In the 
first case, an exposure of e$p^ = 1 . 1 7e L is required. In the second case, 
esp 2 = 2.15e L is the required exposure. This increase in exposure for space 
conditions to obtain equivalent damage is due to the negative one-third 
exponential dependency on the single particle kinetic energy of the K in 
Eqs. (1) and (2). Thus, as the single particle kinetic energy increases, K 
decreases (Eq. (2)), and the surface damage at a given total energy of exposure 
is reduced, (i.e., the reflectances do not fall as rapidly with total 
exposure) . 

The data In Fig. 3 indicate that the reduction in the infrared reflectance 
ratio of aluminum is somewhat greater at any exposure than that of stainless 
steel. The reflectance of both, however, falls to less than 60 percent of the 
original value after only 7.5 J (1.65 0/cm 2 ) of laboratory exposure. 

The reflectance ratio of the disc of stainless steel coated with 1900 A 
of aluminum follows the reflectance ratio of aluminum until the exposures are 
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increased to cause a 60 percent reduction in reflectance ratio after which the 
increased aluminum-coated stainless steel approaches that of the substrate 
stainless steel as the aluminum coating is being eroded away. To obtain these 
curves, the values for p^, the reflectances of the samples at infinite 
exposure, were determined in Ref. 11. The value for aluminum obtained at 

5.6 J/cm2 exposure is 0.3055. For stainless steel, * 0.350 (obtained at 

6.7 J/cm^ exposure). In addition to pointing out the reduction in exposed 
surface reflectivity, Fig. 3 also suggests that the aluminum-coated disc should 
degrade like aluminum at first; then after some exposure (as the coating is 
removed), resemble the degradation rate of the substrate stainless steel. 

Since the reflectance ratio degradation rate for the aluminum coated surface 
has slowed to that of the stainless steel, the effect of the aluminum coating 
on stainless steel is to keep the absolute reflectance up throughout the 
experiment, longer than that of aluminum alone, and hence for a longer time 
than might be expected in space. 

Space Simulation Chamber 

A space-environment-simulation facility was used to determine the 
equilibrium temperature of the surfaces described in this paper. 4 in the 
working section of the inner "space" chamber, which was 6 ft in diameter and 
approximately 10 ft high, four characteristics of the space environment were 
reproduced simultaneously and as accurately as possible. The first was the 
low pressure of gases in space, estimated to be about 10~ 14 mm Hg. 

This low pressure was obtained by keeping the entire chamber wall at 
liquid helium temperatures by jacketing. The liquid helium cooled jacket 
provided nearly perfect absorption capability of the space background for 
gases. The inner space chamber walls jacketing also produced the extremely 
low background temperature of space (about 4 K), thus removing any superfluous 
radiation source. The most important radiant energy source in space is, of 
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course, the sun. In this facility, the radiation arriving from the sun, at 
earth distance from the sun (but outside earth atmosphere), was provided by a 
carbon arc lamp at the proper intensity, uniformity, and collimation angle. 

The resulting spectral energy distribution approximated that of the sun over 
the wavelength range from 3500 A to about 2.5 pm. Details concerning the 
monitoring and maintenance of these conditions are presented in Refs. 4 and 12. 

Space-Chamber-Temperature Experiment 

Five identical 2.38 cm (15/16 in.) diameter polished discs were selected 
for a given material, and each disc was then subjected to a given amount of 
laboratory exposure. The exposure was increased from disc to disc. Each 
series of discs of a given material was then mounted on a simulated spacecraft 
that had been designed to minimize heat transfer between the spacecraft and 
the mounted discs (Fig. 4). This was accomplished by mounting the discs on 
nonconducting plastic stems and shielding the back of the discs with highly 
reflecting cups, thus allowing a heat balance for the discs only involving 
received and emitted radiation from the front exposed side of the disc and a 
minimum loss from the unexposed side (3xl0 _1 2 Btu/(hr)(R 4 ) ] . The simulated 
vehicle was mounted in the space-environment tank so that the front faces of 
the discs received direct solar radiation from a direction normal to their 
surfaces. The front surfaces of the discs were also exposed to the cold sink 
of space over nearly the entire 2ir solid angle (except for the sun). Thus, 
the discs could arrive at the equilibrium temperature based on the heat balance 
between the normal energy (solar radiation) absorbed and the total hemispheric 
energy emitted by the front face (plus the energy loss to the supporting 
spacecraft structure). The equilibrium temperature for each disc was measured 
by a copper-constantan thermocouple embedded in the disc one-half radius out 
from the mounting pin at the center. The equilibrium temperature of the disc 
was detemined by taking measurements of temperature while approaching 
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equilibrium conditions from above and below the equilibrium temperature. 

During the experiment, radiation intensity was monitored by six silicon solar 
cells previously calibrated against a Schwarz total radiation intensity meter. 
The resulting variation in the equilibrium temperatures for all the discs is 
the result of reproducible changes in surface optical properties caused by 
calibrated exposure to high-speed, micron-size particle impaction. 

Transient temperatures were measured similarly during heating and cooling 
of the discs for the purpose of determining a<- N and ej H by an essentially 
independent experiment (independent from the equilibrium experiment). 

Results of Space-Chamber-Temperature Experiment 

The major results of the temperature-equilibrium experiment are presented 
in Fig. 5 and Tables 1 and 2. The "history" of the equilibrium temperature 
for discs of three different materials mounted on a simulated space vehicle 
and "flown" in a simulated space environment at 1.25 solar constant can be 
found in Fig. 5. These equilibrium temperatures are shown as they vary with 
exposure to the simulated micrometeoroid environment, the exposure being 
expressed in joules per square centimeter of energy of the impacting 
hypervelocity particles on the 2.38 cm diameter discs. Perhaps the most 
important feature of these curves is that, in spite of the large exposure to 
impacting particles, the resulting change in optical properties measured in 
the laboratory, and the efforts made to isolate the disc thermally from its 
support, the total variation in equilibrium temperature of the discs is small 
but measurable. For the aluminum disc, the measured change in equilibrium 
temperature is approximately 21 K or about 5 percent in absolute temperature 
level. For stainless steel, the temperature is almost constant, varying only 
about 0.1 percent in absolute temperature level. The largest variation 
occurred with the aluminum-coated stainless-steel disc, which rose 50 K due to 
the exposure, or about 12 percent in absolute temperature level. The 
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equilibrium temperature variations as measured for the discs and presented in 
Fig. 5 also are presented in Table 1 for comparison with the equilibrium 
temperature calculated for the discs by using values for a $N and e TH 
determined from the two auxiliary nonsteady experiments (the first sun-on, the 
other sun-off). 

The check obtained between measured and calculated values is quite good. 
Also presented in Table 1 are the values of a sn and measured in the 

thermal transient experiment for each of the discs as the laboratory exposure 
is increased. It is clearly shown that both a sn and c^ h increase due to 
the exposure. Both stainless steel and aluminum on stainless steel are 
leveling off to about the same temperature. This was expected, as the aluminum 
coating is worn from the stainless-steel substrate. The all-aluminum disc 
wears most rapidly and exhibits the strongest rise in e th , but not the highest 
a sn ; hence it approaches the lowest equi 1 ibrium temperature in Fig. 5. 

For the information presented in Table 2, the e^ h of Table 1 was used 
to calculate a reflectance (i.e., p = 1 - e TH > solely for comparison with p a , 

w 

the average reflectance of the discs measured by the spectrometer method. 

These two "reflectances" can be compared, because p a is equal approximately 
to p H A> for the materials in this experiment, and p H _ H can be taken equal 
to (1 - e th > at the same temperature. 4 The comparisons of these two quantities 
for the discs are amazingly close considering the difference in the paths 
traveled to obtain them. Whether or not such a comparison is strictly correct, 
the optical or thermal changes in surface property are certainly varying in a 
very similar manner with simulated exposure to micrometeoroid environment. 

This similarity in the variation of reflectance with exposure as measured 
by either method suggested the possibility of making reflectance measurements 
in space without a reflectometer, and also using these reflectance measurements 
to determine micrometeoroid flux. 
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This could be done by calibrating the change in temperature of a disc in 
a space-environment-simulation chamber with the measured (elsewhere) optical 
change of the surface caused by calibrated exposure of the disc to simulated 
micrometeoroid flux. Telemetering the temperature of the disc from a space 
experiment then would give not only the change in reflectivity of the disc but 
also, from correlation with the ground experiment, the micrometeoroid flux 
causing this reflectivity change. The surface chosen for space-flight 
experiments, because of its initial fast rise in equilibrium temperature and 
large changes initially in <x sn and e th when exposed to simulated 
micrometeoroids, (see Fig. 4 and Table 1) was the 1900 A A1 /stai n less steel 
disc. Discs with 2000 A of Al/S.S. were placed thermally isolated from the 
spacecraft on 0S0 III, and SERT II. The following section describes both of 
these space experiments and discusses the results. 

SPACE EXPERIMENTS 
SERT II - REX 

The SERT II (Solar Electric Rocket Test II) spacecraft was launched in 
1970 as a 6-month test bed for the operation of an ion thruster in space. 13 A 
secondary experiment on the spacecraft, called REX (Reflector Erosion 
experiment) was designed to measure micrometeoroid degradation of a highly 
reflective aluminum disc. This section presents the first published REX 
results. It covers space-obtained data from the first 9 months of the mission 
in 1970 and also data obtained during an extended mission through 1981, a 
total period of 11 years, 3 months in space. 4 ’ 13 

REX Description 

Figure 6 shows an artist's drawing of the REX apparatus. Figure 6(a) is 
the mounting body used to control the thermal environment of the disc in the 
back hemisphere. Two discs, 2.38 cm in diameter and 0.013 cm thick, with a 
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2000 A coating of aluminum vapor deposited on the disc front face, were used 
in this flight experiment. Figure 6(b) shows details of mounting the disc to 
the body. The mounting structure was designed to control heat transfer between 
the disc and body to a value between 8.3 to 16.6x10"^ j/sec-K 4 . Cool-down 
data taken on the flight apparatus before launch determined the actual value 
to be 13.3xlO~ 18 J/sec-K 4 <4.8xlO- 12 Btu/hr-R 4 ). 

Thermistor sensors mounted on the two discs (disc No. 1 is the upper one, 
and disc No. 2 the lower) and on the front (semi-side) plate of the body 
provided temperature data. The thermistor data were transferred via the 
connector plug (shown on the cup side) to the spacecraft telemetry system, 
which digitized it and radio-linked it to an earth receiving station. Each 
digital bit was equivalent to 1 K, or the temperature step between measurable 
values. The thermistor sensors and telemetry system were calibrated before 
launch. The sensitivity of flight REX temperature data was ±0.5 K. The 
sensor stability specification was ±0.5 K for 6 months and is as good as the 
drift of the resistance of a high-quality resistor. The telemetry-thermistor 
ground calibration gave the absolute temperature to ±1 K; and repeated in-space 
telemetry calibrations showed no discernable change in the telemetry system 
through 1981. The design range of the disc sensor was 325 to 380 K (Ti and 
T£) and the body sensor range was 266 to 349 K (Tb). REX temperature sensors 
were scanned and recorded every 4 min by the telemetry system. 

The REX body was mounted on the end deck of the SERT II spacecraft as 
shown in Fig. 7. A protective cover (removed before launch) was placed over 
the REX discs in Fig. 7. The disc front side (2000 A aluminum) was in a plane 
perpendicular to the deck and had a nearly-clear hemispherical view of space 
and earth. The plane of the disc was in the spacecraft orbit plane. The 
launch time, direction and altitude were picked to be sun-synchronous; thus, 


17 



the orbit plane was nominally perpendicular to the sun direction (6 S = 0°) and 
the REX disc surface was sun-facing. (The exact sun direction will be shown 
in the figures to follow.) 

There was no direct 1 i ne-of-si ght between any active spacecraft component 
and the front disc surface. The mercury ion thruster exhaust consisted of 
90 percent high velocity (30,000 m/sec) well collimated ions, 9 percent 
neutral mercury atoms and 1 percent low velocity (1000 m/sec) charge exchange 
ions. For any neutral exhaust atom to reach the disc front surface, would 
require an improbable collision with a space particle downstream of the 
thruster exhaust, where the mean free path is greater than 1000 m. Because of 
the warm (340 K) disc temperature, any occasional mercury atom or ion arriving 
at the disc would re-evaporate . The ion thruster grids were made of molybdenum 
and there was some ion sputtering of grid molybdenum. 14 If the molybdenum- 
sputtered atoms became charged, some would be attracted back to the spacecraft 
and, because of its low vapor pressure, would not re-evaporate. The most 
probable landing area would be on the deck or ion thrustor sides and and not 
on the REX discs. Temperature sensors located on the deck, ion thrustor side, 
and other thermal-emissive-sensitive places around the spacecraft, shown in 
Fig. 8, indicated no unexpected change in temperature during the mission. 
Perhaps the most sensitive sensor of all, the main solar arrays, showed less- 
than-predi cted space degradation; thus, indications were that no molybdenum or 
any other condensible contaminant deposited on the REX discs. 

REX Design Background 

The REX experiment was designed to study the space temperature history of 
a highly reflective aluminum surface. The REX experiment was made a sn -change 
sensitive with small effects due to c^ h changes. By using aluminum with an 
<x sn of 0.111 and an of 0.017, a heat transfer (di sc-to-body) of 
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13. 3x1 0 — ^ ® J/sec-K^, and the micrometeoroid flux model of 1963^»3 presented in 
Fig. 1, a REX disc temperature rise of 20 to 30 K was expected after 1 year in 
space. For example, the REX disc with a 1 J (0.22 J/cm^) exposure of 
micrometeoroid flux would experience a 37 K temperature increase. This was 
the sum of a 42 K rise due to a sn increase and a 5 K drop due to 
increase. 

SERT II Spacecraft History 

The SERT II spacecraft was launched in February 1970. Its major objective 
was the testing of an ion thruster in space for 6 months. A polar launch orbit 
was necessary to give a sun-synchronous orbit which would provide steady solar 
array power to operate the ion thrusters. The 1000 km orbit altitude was the 
highest available from the rocket launch vehicle. This was high enough to have 
a long decay orbit life (500 years) and have a low density space background for 
ion thruster testing. 

Due to a triaxial earth, the orbit did not remain i nert i ally fixed, but 
precessed slowly with a 20-year period. After 2 years, the orbit was no longer 
sun synchronous (causing the spacecraft to enter the earth's shadow) and the 
sun angle on the orbit plane (and solar array) changed from nearly normal to 
31° off normal (at first entering earth's shadow). It then continued to 90° 
in 1975 and 180° in 1980. 

To continue experiments past 1971, it was necessary to turn the solar 
array (and spacecraft) to face the sun to obtain enough power to operate 
experiments. To keep facing the sun, the spacecraft was spin-stabilized in 
1973. (From 1970 to 1972, the spacecraft was gravity-gradient stabilized as 
shown in Fig. 8.) Then in late 1976, the original spin direction was changed 
to obtain more sun on the solar arrays, and a proper orientation attitude, for 
operation in 1979, when the orbit became sun-synchronous again. In late 1981 
the orbit precession caused periods of earth shadowing of the spacecraft, and 


19 


spacecraft operations were terminated with the spacecraft in working order. 
Continuous sun light orbit will again occur in 1989. 

During the periods of earth shadowing, the REX data were in non-thermal 
equilibrium, due not only to the shadow cooling, but also to large changes in 
sun angle caused by the spinning spacecraft. Therefore no REX data are plotted 
for these periods. The precession or wobble of the spacecraft spin axis had a 
period of a few days to a few weeks. During the wobble periods, changes in 
REX disc temperature (293 to 320 K) were used to measure the wobble period and 
to calculate the sun angle on REX (and hence the main solar array). These 
calculations could be made because a sn and e th had not changed 
significantly during the mission to that time. 

During the spin-wobble years of 1973 to 1977, the REX disc was partially 
exposed to ram atomic oxygen. For those years there was a period of 1145 days 
of such exposure. The ram angle on the disc varied from 0° to 18° (a 
perpendicular or direct ram angle would be 90°). Integration of the ram angles 
over the 1145 days resulted in an equivalent direct ram time of only 40.1 days. 
Because of the altitude (1000 km) and length of time in the ram direction, 
there is a negligible probability of atomic oxygen effects on the discs. 

REX Data 

Figure 9 is a time plot of REX thermal data from launch (Feb. 1970) to the 
end of data collection (May 1981). The two disc temperatures, the body or cup 
temperature, and sun angle of incidence on the discs were plotted. The shaded 
areas were times when the spacecraft was intermittently shadowed by the earth. 
(See SERT II Spacecraft History Section.) All data on Fig. 9 were uncorrected. 
To minimize any variation due to earth view factor or earth albedo, only data 
taken when the spacecraft was over Fairbanks, Alaska were plotted. This 
location was chosen because a majority of data came from the telemetry 
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receiving station there. REX data were also compared over a ground station in 
Australia and showed no significant difference from the Alaska data. 

The disc temperatures in Fig. 9 show almost no long-term change or trend 
with time. There seemed to be a small trend of lower disc temperature in the 
year 1971. The REX body or cup temperature was also fairly constant across 
time. The random, small temperature changes were partly due to changes of the 
sun angle causing local shadowing from the nearby RFI antenna, (Fig. 7), sun 
rays reflecting off the aluminum spacecraft deck, or seasonal changes in earth 
albedo. The change in sun angle closely followed the predicted orbit 
precession for the launch orbit. When the sun angle was larger than 31°, the 
spacecraft passed into the earth's shadow, and no data were plotted due to 
non-normal thermal equilibrium. Transient thermal data were not discriminant 
because the 4-min data sampling rate was large compared to the REX thermal 
time constant. Although no data were plotted for earth shadow periods, i.e., 
1972 - 1979, the REX discs were exposed to ambient micrometeoroid flux at all 
times. Temperature data from disc 1 were lost after 1972 when the telemetry 
subcommutator that processed disc 1 thermistor data stopped functioning. 

REX Data Discussion 

The disc temperature data of Fig. 9 can be enhanced by applying small 
corrections resulting from changes in REX body temperature and changes of 
incident solar intensity. Equation (B3) of Ref. 4 relates disc temperature 
(T] or T 2 > with a sn , e th> REX body temperature, and solar intensity. A 
simplified form of Eq. (B3) is presented below: 

a fa (n + C^Td/cos 0 1 

r T -,4 L sn IB sj 

1 0r 2 ] - [C 2 e th /COS 0 S + C ] /cos e s ] 

where C 1 and are constants. 
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For constant a 


and e^ h Eq. (5) reduces to the form: 

[ T 1 or T 2] 4 = C 3 cos e s + c 4 j4 (6) 

where and are constants. 

For the nominal values of 9 S = 0° and T 0 = 316 K, T] or T 2 equals 
344 K. Expected changes in T| or T 2 due to sun angle or body temperature 
changes can be calculated by using the actual instead of nominal values of 
9 S =0 and Tb * 316 K. These calculated changes in T] or T 2 (amounting 
to -0.5 to 8 K) were used to correct or enhance the data of Fig. 9 by 
normalizing T] or T 2 to constant values of Tb and 0 S (316 K and 0°). 

The corrected T] and T 2 data are plotted on Fig. 10. 

Both the raw data (Fig. 9) and the normalized data (Fig. 10) showed the 
same major result. That is, there was no major change in disc temperature 
(30 to 40 K) due to exposure to space micrometeoroids over a period of 
11 years and 3 months. This result indicated that the micrometeoroid flux 
model of the 1960's^ was considerably higher than the real flux. 

0S0 III 

The 2000 A Al/S.S. Reflector erosion micrometeoroid detector was also 
part of the thermal control coatings experiment flown on 0S0 III (Orbiting 
Solar Observatory III). This satellite was launched into a low-earth, nearly 
circular equatorial orbit on March 8 , 1967, and was operational for at least 
5 years. The orbit altitude was about 550 km and was inclined 33° relative to 
the earth's equator. The orbit period was 96 min, with about 60 min of the 
orbit being in sunlight. The satellite was spin-stabilized with a rate of 
35 rpm. This spin axis was perpendicular to the satellite-sun line. Twelve 
coatings, (mostly thermal control), mounted on thin discs about 1 in. (2.54 cm) 
in diameter, were exposed to the space environment; each coated disc was 
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thermally isolated on the back side. Changes in solar absorptance (a sn ) and 
thermal emittance (e TH > values were deduced from transient temperature 
measurements of the discs. 

One of the results pointed out by the principal investigator, J. Millard, 5 
written in 1968, was that for the 2000 A A1 on stainless steel, "No changes in 
a sn or e th the 2000 A A1 coa ‘ t ^ n 9 were detected in a time period of about 
11 months. This result is highly significant in that it indicates effects of 
micromet'eoroids were negligible." 

Upon a request by H. Mark of NASA Lewis Research Center to Ames Research 
Center, the transmitter was turned on and data obtained on the 2000 A A1 disc 
after 5 years in orbit. Again, there were no changes in a sn or e th of the 
disc, indicating again that the effects of the micrometeoroid environment on 
this surface were negligible even after 5 years in an equatorial orbit. These 
data are shown in Fig. 11 as Aa sn versus time. No change in a sn indicates 
no change in the total solar reflectance, since p s = 1 - a sn , for an opaque 
surface. 

RESULTS AND DISCUSSION OF SPACE EXPERIMENT 
Implication on Micrometeoroid and Space Debris Models 
and Erosion of Surface Optical Properties 

As pointed out in the Introduction, the placing of the mi crometeroi d 
sensor (2000 A Al/S.S.) in space was founded on the 1963 Interplanetary Dust 
Measurements presented in Fig. 1. From this model of the micrometeoroid 
environment, we expected a flux of approximately 350 000 hi ts/cm 2 /year which 
is dominated by low mass particles (10 -12 to 10 -10 gm). This translates to an 
energy on our sensor of approximately 1/3 J/year (0.067 J/cm 2 /yr) for a 
particle velocity of 20 km/sec. We set our sensor sensitivity for a minimum 
rise in temperature of 1 K, because of this flux model. A simple calculation 
shows that the minimum energy we could have detected on our sensor, because of 
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this sensitivity, was 0.00067 J/cm 2 . The REX discs on SERT II experienced no 
rise in temperature in 11 years and no change in solar absorptance in 5 years 
on 0S0 III. This certainly implies that the energy of the impacting 
micrometeoroids was less than 0.003 J/ll years = 0.00027 J/year or 0.000067 
J/cm 2 /yr. Assigning a velocity of 20 km/sec to the micrometeoroids yields a 
flux for the 10~ 12 gm particles of approximately 350 hits/cm 2 /yr or 10 -1 
hits/m 2 /sec, the minimum number of hits detectable by this sensor in 11 years. 

This data point is plotted on Fig. 12, along with the micrometeoroid flux 
models of ^63 and 1987, and the 1987 space debris model presented by L. Jaffe 
of J.P.L. in Ref. 16. The 1987 micrometeoroid flux model presented is the 
same as that presented in SP-801 3 , 1 7 where only micrometeoroid penetration 
data were used to generate the flux. 

This NASA near-earth micrometeoroid model has been widely accepted, and 
continues to be used even though it was first published in 1969. It is the 
present-day meteoroid model and is therefore called the 1987 meteoroid model 
in Fig. 12. This is also cited by Jaffe in an extensive review of available 
data on the micrometeoroid and space debris environments. Jaffe cites and 
reviews 30 references in recommending models of these environments for the 
100 kW space nuclear power system, SP 1 00 . 1 ® In this J.P.L. Internal Office 
Memo, he discusses the studies of Kessler^, 20, 21 ,22 (considered by many to be 
the number one authority on space debris); a debris model by Laurance and 
Brownlee 23 (based on pits on Solar Max surfaces); and meteoroid models 
generated by Aguero, McDonnell, Laurance and Brownlee, Whipple and 
Cour-Palai s . 17 

The results of the SERT II or 0S0 III Flight Experiment are consistent 
with both the 1987 micrometeoroid and space debris flux models. In fact, they 
verify that the flux is less than or equal to the quantities observed, which 
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is consistent with these models. This is why a vertical arrow is drawn down 
from our data point, meaning the flux was even less than our sensor could 
detect. 

The resulting data imply that solar dynamic reflector surfaces such as 
the reflector surface (a highly polished metal or thin metal film deposit) 
tested in space should lose less than 1 percent of their specular reflectance 
over a period of 11 years. An extrapolation based on area damage derived from 
the 1987 micrometeoroid model and ground reduction in specular reflectance due 
to micrometeoroid similation studies indicates that such a reduction in 
specular reflectance should not happen within the useful lifetime of currently 
conceived space systems. 

CONCLUDING REMARKS 

A shock tube was used to accelerate micron-size particles to 
hypervelocities to simulate micrometeoroid Impact on polished metal surfaces. 
An analytic expression was derived, which predicts reduction in reflectance of 
polished metal surfaces as a function of area damaged, that correlates with 
the kinetic energy of the impacting hypervelocity particles. A space 
simulation facility was used to calibrate a micrometeoroid sensor (2000 A 
Al/S.S.). It was found that this sensor, thermally Isolated from the 
spacecraft, exhibited a rapid rise in equilibrium temperature when exposed to 
simulated micrometeoroid exposure. This micrometeoroid sensor was then flown 
on two satellites, 0S0 III (equitorial orbit) and SERT IKpolar orbit). No 
changes in either equilibrium temperature or optical properties of the highly 
reflective surface were measured in 11 years in space. The effects of the 
space environment, i.e., the micrometeoroid environment on the solar 
reflectance were negligible. The results are in agreement with the 1987 
micrometeoroid flux model presented in the paper. From the accuracy of the 
sensor, the results indicate that a reflector surface (a highly polished metal 
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or a thin metal film deposit) should lose less than 1 percent of its specular 
reflectance in near-Earth orbit in 11 years. This result alone will be very 
useful to the design of space solar dynamic/concentrator systems. 
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APPENDIX A 


SPACE EXPOSURE FOR EQUAL DAMAGE 


In Eq. (1) of this paper the surface reflectance after exposure to 
impaction is written 


where 




(Al) 


(A2) 


For equal damage on a given surface, that is, constant p a , the quantity K 
must be held constant. If K changes with single particle kinetic energy as 
in Eq. (A2), e must change to keep 

K L e L " K SP e SP (A3) 


or 


from Eq. (A2) 


and Eq. (A4) becomes 



e SP ‘ 


' 2 \ 1/3 
m oSP V pSp\ 

‘ L 


(A4) 


(A5) 


Thus, for the higher particle kinetic energies in space, the total exposure 

required for the same damage is increased (i.e., more hits in space are 

required for the same surface damage). 

In the laboratory exposure, the particle mass was 3xl0 -10 gm. For use in 

space, a good estimate of the mass of the most numerous particle may be made 

by finding the leveling-off point of the cumulative flux curve from Fig. 1. A 
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conservative figure for the most numerous (minimum size) particle in space 
from these data, from the point of view of extrapolating our laboratory 
exposure to space, is about 3xl0 -11 gm, or one-tenth of the laboratory particle 
mass. 


Estimates for particle speed in space vary from 30 000 to 200 000 fps. 

To calculate several examples we have taken one at 34 000 fps (four times lab 
speed) and 85 000 fps (10 times lab speed). Using Eq. (A5) we have case 1. 
Let nipgp = m p |_/10 and v^ p = 4Vp|_. Then 


c 


SP, 


m pSP 

V 



1/3 


e l 


SP, 




e SP ] = 1 ' 17e L 


In case 2, let 


m 


m 


PL 


SP “ 10 


V - 10V PL 


'SP. 


[GoM^l ‘SP 2 - 2 - ,5 °L 
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TABLE 1. - VARIATION OF OPTICAL PROPERTIES AND EQUILIBRIUM 
TEMPERATURES OF METAL DISKS WITH SIMULATED 
MICROMETEOROID EXPOSURE 


Aluminum 

Lab exposure. 






joules/cm 2 

0 

0.28 

0.60 

1.26 

5.71 

a SN 

0.230 

0.447 

0.451 

0.572 

1 .02 

2TH 

0.061 

0.184 

0.243 

0.282 

0.675 

Tgg (calc), °K 

405 

428 

416 

430 

431 

T e q (meas) , °< 

403 

419 

415 

424 

425 

304 Stainless steel 

lab exposure, 






joules/cm 2 

0 

0.21 

0.48 

0.96 

1 .46 

a SN 

0.432 

0.579 

0.618 

0.691 

0.793 

e TH 

0.112 

0.221 

0.301 

0.338 

0.366 

T eq (calc), °K 

443 

442 

432 

436 

450 

-T e q (meas), °K 

437 

443 

438 

439 

442 

Aluminum 

(1900 A) on 304 

stainless steel 


Lab exposure. 






joules/cm 2 

0 

0.24 

0.44 

1 .01 

1.37 

a SN 

0.111 

0.428 

0.475 

0.563 

0.702 

e TH 

0.017 

0.175 

0.204 

0.245 

0.308 

T e q (calc), °K 

375 

426 

429 

436 

445 

T e q (meas), °K 

390 

428 

433 

435 

440 


TABLE 2. - COMPARISON OF REFLECTANCE p a WITH THE QUANTITY (1 - e TH > 


A1 uminum 

Lab exposure, joules/cm 2 

0 

1 .28 

0.60 

1 .26 

5.71 

p a (for 420 °K blackbody radiation) 

1 .01 

0.80 

0.76 

0.62 

0.305 

(1 - e TH ) 

0.94 

0.82 

0.76 

0.72 

0.325 

304 Stainless steel 

Lab exposure, joules/cm 2 

0 

0.21 

0.48 

0.96 

1.46 

p a (for 420 °K blackbody radiation) 

0.92 

0.79 

0.71 

0.66 

0.57 

(i - ern) 

0.89 

0.78 

0.70 

0.66 

0.63 

Aluminum (1900 A) on stainless steel 

Lab exposure, joules/cm 2 

0 

0.24 

0.44 

1 .01 

1.37 

p a (for 420 °K blackbody radiation) 

1 .02 

0.81 

0.77 

0.67 

0.63 

(1 - e TH ) 

0.98 

0.82 

0.80 

0.75 

0.69 
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16. Abstract 

A resurgence of interest in placing large solar concentrator/solar dynamic systems in space for power 
generation has brought up again a concern for maintaining the integrity of the optical properties of 
highly specular reflecting surfaces in the near-earth space environment. One of the environmental 
hazards of concern and needing evaluation is the micrometeoroid environment. It has been shown that 
highly reflective polished metals and thin film coatings degrade when exposed to simulated microme- 
teoroids in the laboratory. At NASA Lewis Research Center, a shock tube was used to simulate the 
phenomenon of micrometeoroid impact by accelerating micron size particles to hypervelocities. Any 
changes in the optical properties of surfaces exposed to this impact were then evaluated. The degra- 
dation of optical properties of polished metals and thin metallic films after exposure to simulated 
mi crometeoroi ds was determined as a function of impacting kinetic energy/area of the particles. A 
calibrated sensor, 2000 A Al/stainless steel, was developed to not only detect the micrometeoroid 
environment, but also to evaluate the degradation of the optical properties of thin aluminum films 
in space. This sensor was flown on 0S0 III and SERT II, satellites that were launched in 1967 and 
1970 respectively. No changes in the optical properties of the highly reflective surface were meas- 
ured during 11 years in space. These results are in agreement with the 1987 micrometeoroid flux 
model presented in this paper. The results, as determined by the accuracy of the sensor, indicate 
that a highly reflective surface should lose less than 1 percent of its specular reflectance in 
near-earth orbit during 11 years. 
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